Abstract. Transforming growth factor (TGF)-β induces cell growth arrest in well-differentiated hepatocellular carcinoma (HCC) while hepatitis B virus X protein (HBx) minimizes the tumor suppression of TGF-β signaling in early chronic hepatitis B. However, how to reverse the oncogenic effect of HBx and sustain the tumor-suppressive action of TGF-β has yet to be investigated. The present study examined the effect of TGF-β and a c-Jun N-terminal kinase (JNK) inhibitor on cell growth in HCC cells with forced expression of HBx. It was found that HBx promoted cell growth via activation of the JNK/pSMAD3L pathway and inhibition of the transforming growth factor-beta type I receptor (TβRI)/pSMAD3C pathway. pSMAD3L/SMAD4 and pSMAD3C/SMAD4 complexes antagonized each other to regulate c-Myc expression. In the absence of HBx, TGF-β induced cell growth arrest through activation of the TβRI/pSMAD3C pathway in well-differentiated HCC cells. In the presence of HBx, TGF-β had no effect on cell growth. JNK inhibitor SP600125 significantly reversed the oncogenic action of HBx and favored TGF-β to regain the ability to inhibit the cell growth in HBx-expressing well-differentiated HCC cells. In conclusion, targeting JNK signaling favors TGF-β to block HBx-induced cell growth promotion in well-differentiated HCC cells. As an adjunct to anti-viral therapy, the combination of TGF-β and inhibition of JNK signaling is a potential therapy for HBV-infected HCC.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and one of the most fatal ones, causing nearly 600,000 mortalities yearly (1, 2) . Hepatitis B virus (HBV) infection is one of the major causes of HCC worldwide; epidemiological studies show that 80% of all HCC occurs in HBV-infected individuals. Hepatitis B virus X protein (HBx) is a key multifunctional regulatory protein that participates in viral pathogenesis and carcinogenesis (3) and transactivates numerous transcription factors, including cyclic adenosine monophosphate response element-binding protein, activating transcription factor 2 (4), TATA-binding protein (5) , activator protein 1 (AP-1) (6) and nuclear factor kappa B (7) . Moreover, HBx has been implicated in the alteration of numerous signal transduction pathways, including the RAS/RAF/mitogen-activated protein kinase (MAPK) (8) , mitogen-activated protein kinase kinase kinase 1 (MEKK1)/JNK (6), Janus kinase (JAK)/signal transducer and activator of transcription (STAT) (9) , phosphoinositide 3-kinase (PI3K)/AKT (10) and Notch1 signaling (11) pathways, resulting in tumor cell growth and survival.
Transforming growth factor β (TGF-β) induces cell senescence and growth arrest via the downstream SMAD signaling pathway in well-differentiated HCC cells, acting as a tumor suppressor. Activation of the TGF-β receptor resulted in the phosphorylation of SMAD2 and SMAD3, which in turn form a hetero-trimer together with SMAD4 and translocate into the nucleus (12, 13) . SMAD3 is a modular protein with conserved Mad-homology 1, intermediate linker and Mad-homology 2 domains (14) . The C-terminal serine residue of SMAD3 is phosphorylated by activated TGF-β type I receptor (TβRI), whereas the linker domain is phosphorylated by other kinases, including MAPKs (15) (16) (17) (18) and cyclin-dependent kinases (19) . In contrast to the tumor-suppressive role of the C-terminal phosphorylated SMAD3 (pSMAD3C), SMAD3 phosphorylated at the linker region (pSMAD3L) correlates with enhanced cell proliferation and invasion. The different phosphorylated sites reversibly shift SMAD-dependent signaling between tumor suppression and promotion (20, 21) . During carcinogenesis, tumor cells acquire advantage through selective reduction of the tumor-suppressive activity of TGF-β together with augmentation of its oncogenic activity (22) . The alterations in the TGF-β signal transduction pathway may be involved in the development of HCC in long-standing HBV infection. In the progression of HBx-associated hepatocarcinogenesis, HBx shifts TGF-β signaling from the TβRI/pSMAD3C tumor-suppressive pathway to the JNK/pSMAD3L oncogenic pathway in early chronic hepatitis B (18) .
Given the roles of HBx and TGF-β, the present study hypothesized that inhibition of HBx-induced activation of JNK/pSMAD3L sensitizes HCC cells to TGF-β and promotes the anti-cancer activity of TGF-β. The effects of TGF-β and JNK inhibitor SP600125 on cell growth in well-differentiated HCC cells with forced HBx expression were investigated. The present study provided an important molecular mechanism which may be utilized for the treatment of HBV-associated hepatocarcinogenesis.
Materials and methods
Cell culture. Huh-7 and Hep3B cell lines (obtained from the Liver Cancer Institute, Zhongshan Hospital, Fudan University, Shanghai, China) and the lentivirus packaging cell line 293T (purchased from China Center for Type Culture Collection, Wuhan, China) were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS; both from Hyclone, Thermo Fisher Scientific, Waltham, MA, USA), 50 mg/ml penicillin-streptomycin and 0.1 mM non-essential amino acids (both from Hyclone, Thermo Fisher Scientific) under a humidified 5% CO 2 atmosphere at 37˚C.
Reagents and antibodies. Trypsin-EDTA was purchased from Hyclone. opti-MEM medium was from Gibco-BRL (Invitrogen Life Technologies, Carlsbad, USA). Puromycin (Merck Calbiochem, Darmstadt, Germany), polybrene (Sigma-Aldrich, St. Louis, MO, USA), penicillin-streptomycin, Dual-Glo™ Luciferase Assay system (Promega, Madison, WI, USA), Lipofectamine 2000 with Plus (Life Technologies, Carlsbad, CA, USA) and recombinant human TGF-β1 (carrier-free; 580706; Biolegend, San Diego, CA, USA) were used. Antibodies used in the present study are listed in Table I .
Plasmids. pLOV-cytomegalovirus (CMV)-enhanced green fluorescent protein (eGFP)-HBx and pLOV-CMV-eGFP were constructed by NeuronBiotech (Shanghai, China). Lentiviral gene expression vector GV266-vec, lentiviral packaging vector pHelper 1.0 and pHelper 2.0 were purchased from GeneChem Co, Ltd, (Shanghai, China). The luciferase reporter assay driven by Smad binding element 4 (SBE4-luc) SBE4-luc (Addgene plasmid no. 16495) was a gift from Professor Bert Vogelstein (Department of Pathology, Kimmel Cancer Center, Johns Hopkins University, Baltimore, USA) (23) . pRL-TK was purchased from Promega (Madison, WI, USA).
Lentivirus production, viral infection and establishment of stable clones. Lentiviral supernatants were produced as described previously (24) . Briefly, 293T cells were transfected with pLOV-CMV-eGFP-HBx or pLOV-CMV-eGFP plasmid by Lipofectamine 2000 and Plus, which were diluted with opti-MEM (Gibco Life Technologies, Carlsbad, CA, USA), then selected by 5 µg/ml puromycin for 2 weeks and finally used to collect lentivirus-containing supernatants. The collected retroviral and lentiviral supernatants were filtered through a 0.45-µm filter (PALL, Port Washington, NY, USA), concentrated by Centricon Plus 70 (Merck Millipore, Darmstadt, Germany) according to the manufacturer's instructions and used for infection of HCC cells. 72 h following infection, cells were selected with 2 µg/ml and 3 µg/ml puromycin for Hep3B and Huh7 cells, respectively for 2 weeks. Selected pools of cells were used for the subsequent experiments.
Cell proliferation assay. Cell proliferation was measured using the Cell Counting Kit-8 (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's instructions. Hep3B and Huh7 (1.5x10 3 ) cells were treated with TGF-β1 (10 ng/ml) or SP600125 (10 µM), which was replaced every 48 h for a total of five days. At the indicated time-points, cells were incubated with CCK-8 stain for 2 h according to the manufacturer's instructions. The cell proliferation rate was assessed by measuring the absorbance at 450 nm using a microplate reader (Elx 800; BioTek Instruments, Inc., Winooski, VT, USA).
Soft agarose tumorigenicity assay. The soft agarose assay was performed as described previously (11) . Briefly, Hep3B and Huh7 cells (1x10 4 ) were suspended in 1 ml 0.4% sea plaque agarose (A9045; Sigma-Aldrich) containing 10% FBS and then plated on top of 1 ml semisolid 0.8% agarose in six-well plates. Cells were treated with TGF-β1 (10 ng/ml) or SP600125 (10 µM) very 48 h for two weeks. Colonies grown on soft agarose were counted and pictures of colonies were captured using a magnification of 100x using a phase-contrast microscope (Eclipse C1 System, Nikon, Tokyo, Japan).
Co-immunoprecipitation (co-IP) and western blot
analyses. Cells were lysed by sonication in radioimmunoprecipitation assay lysis buffer (P0013D; Beyotime Institute of Biotechnology) supplemented with Protease Inhibitor Cocktail and Phosphatase Inhibitor PhosSTOP Tablets (Roche Applied Science, Basel, Switzerland). Protein content was then measured with the Bicinchoninic Acid kit (Beyotime Institute of Biotechnology). The co-IP assays were performed as previous described (25, 26) with certain modifications. Specifically, ~1x10 7 cells were lysed by sonication in 1 ml NP-40 lysis buffer (P0013F; Beyotime Institute of Biotechnology) supplemented with the Protease Inhibitor Cocktail and PhosSTOP Cocktail Tablets. Lysates were pre-cleared with purified mouse or rabbit IgG (Wuhan Boster Biological Technology, Ltd., Wuhan, China) antibodies for 15 min at 4˚C on a rotating platform, then were centrifuged at 15,000 x g for 15 min. Supernatants were incubated with the corresponding antibodies overnight, then were incubated with protein A/G beads (Abmart, Inc., Shanghai, China) for 4 h at 4˚C on a rotating platform. Immunoprecipitates (IPs) and equal quantities of cell lysates (40 µg) were then subjected to western blot analyses. Samples of extract taken prior to IP were processed in parallel with the IPs and were considered as the ''inputs''. Cell lysates or immunoprecipitates were separated with SDS-PAGE (Wuhan Goodbio Technology Co., Ltd., Wuhan, China) and transferred to polyvinylidene difluoride membranes (Roche Applied Science). Nonspecific binding was blocked with Tris-buffered saline (TBS) containing 5% non-fatty milk (Inner Mongolia Yili Industrial Group Limited by Share Ltd, Hohhot, China) or bovine serum albumin (Roche Applied Science) by incubating the membranes for 1 h at 37˚C. The blots were then probed overnight at 4˚C on a rotating platform with primary antibodies in TBS with 0.1% Tween 20 (Sigma-Aldrich). Membranes were then washed three times with TBS and incubated with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). Immunoreactive bands were detected with chemiluminescence (Life Technologies) and luminous signals from reactive bands were assessed with the Alpha Innotech Fluorochem Imaging system (Alphatron Asia Pte Ltd, Singapore, Singapore). 
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Transcriptional response assay. A transcriptional response assay was performed as described previously (13) . Briefly, cells seeded in a 24-well plate were transiently co-transfected with SBE4-Luc together with p-RL-TK reporter constructs. Cells were treated with TGF-β (10 ng/ml) for 24 h (24 h after transfection) and then luciferase activity was detected using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The relative luciferase activity was determined by a GloMax 20/20 Luminometer (Promega). Luciferase activity was normalized to Renilla activity and presented as the mean ± standard error of the mean (SEM) of triplicate measurements. 
Results

HBx promotes cell growth in well-differentiated HCC cell lines.
HBx has been reported to be implicated in hepatocarcinogenesis (3) and the present study was the first, to the best of our knowledge, to investigate the effect of HBx on HCC cell growth. The well-differentiated HCC cell lines Hep3B and Huh7 cells were selected to establish stable clones with either forced expression of HBx (Hep3B-HBx and Huh7-HBx) or which were transfected with the empty vector as a negative control (Hep3B-vec and Huh7-vec). Stable clones were confirmed by western blot analysis (Fig. 1A) . The effects of altered expression of HBx on cell growth were then assessed using the CCK8 cell proliferation assay. It was found that forced expression of HBx resulted in an increase in the cell proliferation of Hep3B (P<0.05) and Huh7 cells (P<0.01) (Fig. 1B) . In addition, a soft agarose assay was conducted, and a significant enhancement of Hep3B cell growth (P<0.05) and Huh7 cell growth (P<0.05) was observed (Fig. 1C) . 
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TGF-β has no effect on cell growth in well-differentiated HCC cell lines with forced HBx expression. Autocrine TGF-β signaling is commonly observed in HCC cells and TGF-β signaling has a tumor-suppressive role in the initial stage of HCC (13) . However, the effect of TGF-β signaling in HBx-expressing HCC cells had not been elucidated thus far. The present study detected the effect of TGF-β on cell growth in vector control cells (Hep3B-vec and Huh7-vec) and cells with forced HBx expression (Hep3B-HBx and Huh7-HBx) using the CCK8 cell proliferation assay. In the absence of HBx, TGF-β significantly inhibited cell growth in Hep3B and Huh7 cell lines. By contrast, in the presence of HBx, Hep3B and Huh7 cells were significantly resistant to TGF-β-induced growth arrest (Fig. 2A) . The soft agarose assay (Fig. 2B) produced similar results. These results indicated that TGF-β-induced cell growth arrest was blocked by HBx. 
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HBx activates JNK/pSMAD3L signaling and promotes pSMAD3L/SMAD4 complex formation. To explore the mechanism by which HBx blocked TGF-β1-induced cell growth arrest in well-differentiated HCC cells, the present study detected the TGF-β/SMAD signaling activity in response to exogenous TGF-β1 in the absence or presence of HBx with a luciferase reporter assay using SBE4-luc. It was observed that Hep3B and Huh7 displayed intact TGF-β signaling activity in the absence of HBx. Forced expression of HBx enhanced SMAD signaling, which was not affected by TGF-β (Fig. 3A) . Next, western blot analysis was performed to evaluate the activation of SMAD signaling. In the absence of HBx, TGF-β predominantly phosphorylated SMAD3 at the C-terminal region (pSMAD3C). In the presence of HBx, elevated JNK phosphorylation (p-JNK) was found followed by elevated pSMAD3L together with reduced pSMAD3C levels. The elevated p-JNK/pSMAD3L was independent of TGF-β (Fig. 3B) . Finally, immunoprecipitation followed by western blotting was used to examine the formation of the SMAD2/3/4 complex. In Hep3B cells, TGF-β induced SMAD2/3/4 complex formation in the absence of HBx. Forced expression of HBx resulted in an increased formation of SMAD2/3/4 complex, which was not enhanced by TGF-β (Fig. 3C ). In conclusion, TGF-β-induced cell growth arrest was blocked by HBx via activation of JNK/pSMAD3L signaling and an increase in pSMAD3L/SMAD4 complex formation.
Targeting the JNK pathway favors TGF-β to antagonize the oncogenic action of HBx. Elevated JNK phosphorylation induced by HBx is known to be essential for the phosphorylation of SMAD3 at the linker region for the restriction of the tumor-suppressive action of TGF-β (18) . The present study hypothesized that inhibition of the JNK pathway may restore the ability of TGF-β to induce cell growth arrest in HBx-expressing HCC cells. To confirm this, the Hep3B-HBX and Huh7-HBX cell lines were treated with TGF-β together with or without JNK inhibitor SP600125. The CCK8 cell proliferation assay showed that TGF-β had no significant effect on cell growth in the absence of SP600125. SP600125 significantly inhibited the cell growth and the combination of SP600125 and TGF-β resulted in an increased reduction in cell growth compared with that of SP600125 alone (Fig. 4A) . In addition, a similar result was observed using the soft agarose assay (Fig. 4B) . The results showed that JNK inhibitor SP600125 restored the capacity of TGF-β to induce cell growth arrest in HBx-expressing well-differentiated HCC cells.
JNK inhibitor SP600125 promotes pSMAD3C/SMAD4 complexe-induced reduction of c-Myc expression.
To explore the underlying mechanism by which JNK inhibitor SP600125 favored TGF-β to antagonize the oncogenic action of HBx, the phosphorylation levels of JNK and SMAD3 were examined. SP600125 significantly inhibited the phosphorylation of JNK and SMAD3L and promoted the phosphorylation of SMAD3C induced by TGF-β (Fig. 5A ). c-Myc is implicated in HCC cell senescence and cell cycle progression, and its targeting of the SMAD2/3/4 transcription complex leads to the inhibition of p15 and p21 (13, 27) . Therefore, the present study assessed the protein expression of c-Myc, p21 and p15 by western blot analysis. In the absence of HBx, TGF-β induced reduction of c-Myc expression followed by upregulation of p21 and p15 expression. By contrast, forced expression of HBx resulted in an opposite effect. In the presence of HBx, inhibition of JNK/Psmad3L signaling with SP600125 resulted in reduced c-Myc expression and upregulation of p21 and p15 expression, while TGF-β had no significant effect on c-Myc, p15 and p21 expression. In combination with SP600125, TGF-β regained the ability to inhibit c-Myc expression followed by the upregulation of p21 and p15 expression (Fig. 5B ). In conclusion, pSMAD3L/SMAD4 and pSMAD3C/SMAD4 complexes antagonize each other to regulate c-Myc expression. SP600125 significantly inhibited the phosphorylation of JNK and SMAD3L and promoted pSMAD3C/SMAD4 complex-induced reduction of c-Myc expression.
Discussion
HBx has a major role in the association between chronic HBV infection and the development of HCC (28) . HBx acts as a transactivator to activate numerous key pathways dependent on various cell contexts, including the RAS/RAF/MAPK (8), MEKK1/JNK (6), JAK/STAT (9), PI3K/AKT (10) and Notch1 signaling (11) pathways, resulting in tumor cell growth A B and survival. HBx also acts as a transcriptional factor that stimulates the expression of proto-oncogenes, which control hepatocellular proliferation, transformation, apoptosis and DNA repair (29) . In the present study, it was found that HBx promoted cell growth via activation of the JNK/pSMAD3L pathway in well-differentiated HCC cell lines, which was consistent with the results of previous studies (10, 18) . Even though HBx may transactivate certain other signaling pathways, demonstration of the activation of the JNK/pSMAD3L pathway sufficiently illustrates the oncogenic action of HBx. Autocrine TGF-β is commonly observed in HCC cells and its expression pattern is closely correlated with SA-β-Gal activities in normal liver, cirrhosis and HCC (13) . These findings indicated that TGF-β may be a crucial factor to induce cell senescence and restrain the progression of HCC in its initial stages. Combined with its potential to induce growth arrest and apoptosis (13, 30) , TGF-β treatment may be an attractive therapeutic option for the prevention of HCC. However, this strategy is counteracted by fully established HCC tumor cells, which reverse the actions of TGF-β with the help of other factors (31) . In the present study, HBx was identified to be one such factor. In the absence of HBx, TGF-β induced cell growth arrest in well-differentiated HCC cell lines. By contrast, TGF-β had no effect on cell growth in the presence of HBx. This result, together with those of previous studies (10, 18) , indicated that blocking the transaction of HBx is an effective method to restore the tumor-suppressive function of TGF-β. In other words, inhibition of JNK/pSMAD3L signaling may maintain the tumor-suppressive action of TGF-β. The present study found that a JNK inhibitor, SP600125, significantly inhibited the cell growth in well-differentiated HCC cell lines. In the presence of SP600125, TGF-β regained its ability to induce cell growth arrest in HCC cell lines with forced expression of HBx. These results suggested that targeting JNK/pSMAD3L signaling is a potential therapy for HBV-infected patients with HCC.
TGF-β/SMAD signaling regulates transcription of numerous targeted genes, including plasminogen activator inhibitor 1 (31) and c-Jun (32) . In this process, numerous co-activators, including Cited2 (33), nuclear factor of activated T-cells (NFAT) (34), AP-1 (32) and CREB binding protein/P300 (35) , or co-suppressors, including c-Ski, SnoN (36) and mSin3A (37) , have a key role. The profile of SMAD-binding cofactors during development or under various growth conditions determines cellular responses to TGF-β. The proto-oncogene c-Myc is one target of TGF-β/SMAD signaling. The transcriptional repression of c-Myc is dependent on direct SMAD3 binding to a novel SMAD binding site, termed a repressive SMAD binding element, within the TGF-β inhibitory element of the c-Myc promoter (38) . Consistent with a previous study (38) , it was shown that the pSMAD3C/SMAD4 transcriptional complex reduced the expression of c-Myc. In addition, the pSMAD3L/SMAD4 transcriptional complex had an opposite effect. pSMAD3C/SMAD4 complex recruits co-suppressors, including p107, to the c-Myc promoter, inhibiting the transcription of c-Myc (38) . These results indicated that the pSMAD3L/SMAD4 transcriptional complex promoted c-Myc transcription via recruitment of co-activators of c-Myc transcription, including Cited2 (33) and NFAT (34).
In conclusion, the present study revealed a dual role of TGF-β on cell growth in well-differentiated HCC, which is dependent on HBx. HBx shifts TGF-β from a tumor suppressor to a tumor promoter. Therefore, anti-HBV therapy is very important to improve HCC prognosis. Besides anti-viral therapy, inhibition of activated JNK/pSMAD3L signaling caused by HBx is an important and potential therapy for HBV-infected patients with HCC.
